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C ardiovascular diseases are the leading cause of death in women, and hypertension is one of the most important risk factor for their development. 1 Coronary heart disease mortality is higher in women compared with men, 2 and heart disease death rates now seem to be increasing in women 3 as does the prevalence of hypertension. 4 Case-control and cohort studies consistently report that preeclampsia, a pregnancy-specific disorder, is predictive of future cardiovascular, cerebrovascular, and end-stage renal diseases. 5, 6 Women with early onset or severe preeclampsia and preterm delivery are at particularly high risk of cardiovascular disease later in life, including during the premenopausal period. 7 A history of preeclampsia should, therefore, be considered when evaluating the risk of cardiovascular disease in women.
It is still uncertain whether the association between preeclampsia and cardiovascular disease is explained by adverse effects of preeclampsia itself on target organs or by underlying risk factors that predispose women to both preeclampsia and later cardiovascular and renal diseases. Blood pressure (BP) response to variations in salt intake, known as salt sensitivity, is considered as an independent marker for increased cardiovascular risk. [8] [9] [10] Salt sensitivity is traditionally defined as an increase in office BP of 5% to 10% or an increase in mean ambulatory BP (ABP) of ≥4 mm Hg with an increase in sodium intake. 11 Several factors contribute to the development of salt sensitivity in humans, including aging and changes in renal function, and also hormonal and genetic factors. [12] [13] [14] The profile of sex hormones has also been shown to affect the salt sensitivity of BP. 15, 16 In previous studies, we have shown that women are salt resistant before menopause or when receiving oral contraceptives, 17 but they become salt sensitive after menopause. 18 That observation might be explained by the aging effect but also by the change in hormonal profile as salt sensitivity also develops in younger women with surgical menopause. 19 In the present study, we hypothesized that part of the elevated risk of cardiovascular disease in women with a history of severe preeclampsia may be related to salt sensitivity of BP. To this purpose, we assessed the salt sensitivity of BP in women with a history of severe or early onset preeclampsia recruited a few years after pregnancy and compared it with matched women with no history of preeclampsia. Our results demonstrate that women with a history of severe preeclampsia are indeed salt sensitive when compared with controls.
Methods
We performed a prospective study, comparing women exposed to preeclampsia with women not exposed. We identified, in hospital database, all women with a preeclampsia discharged from the Maternity of the University Hospital of Geneva between 1999 and 2001 ( Figure  S1 in the online-only Data Supplement). Twenty-one non-menopausal women with a history of severe preeclampsia 5 to 10 years after the index pregnancy and 19 controls matched for age, parity, and race, giving birth during the same year, with no hypertensive disorders of the pregnancy were enrolled in the study. Fetal and maternal data were carefully recovered from hospital records to identify severe preeclampsia. Only women corresponding to the International Society for the Study of Hypertension in Pregnancy criteria were invited to participate. 20 These criteria are new onset systolic BP (SBP) ≥160 mm Hg or diastolic BP (DBP) ≥110 mm Hg with severe proteinuria (≥5 g/24 hours or 3+ on dipstick) and ≥1 signs of multisystem disease developing after 20 weeks of gestation in previously normotensive women. Severe preeclampsia was also defined as occurring before 34 weeks of gestation. Gestational age was determined by a recollection of the last menstrual period, confirmed or corrected by a sonographic examination before 20 weeks' gestation using the crown-rump length of the fetus. Correction of the gestational age using the measured length was made when a difference of ≥7 days from the menstrual age was identified. Women with a history of hypertension, diabetes mellitus, renal or cardiac impairment, and polycystic ovary syndrome were excluded. Other exclusion criteria were recent or present use of antiinflammatory drugs, diuretics, aspirin, oral contraceptives, and hormonal replacement therapy. The controls were recruited by hospital placards detailing the study. Participants received a sum as compensation for travel and meal expenses. The protocol was approved by the University Hospital Ethical Committee and written informed consent was obtained from each individual in accordance with the Declaration of Helsinki. The study was conducted between 2009 and 2012 at the University Hospitals of Geneva, Switzerland as indicated in Figure S1 .
Pregnancy Data, Demographics, Anthropometry, and Blood Samples
Individuals attended the Hypertension Unit in the morning after a 12-hour fast. Height, weight, and standing abdominal circumference were measured and body mass index was calculated. Relevant medical history and family factors were collected and a complete physical examination was performed. Three BP readings after 15 minutes of sitting rest were obtained for participants using a calibrated oscillometric device (Omron 950). Fasting blood samples were drawn from all participants. Lipid profile, glucose, ultrasensitive C-reactive protein, plasma creatinine, and microalbuminuria were analyzed in the main Laboratory of University Hospitals Geneva. The glomerular filtration rate was assessed by the CKD-EPI (the Chronic Kidney Disease Epidemiology) equation (mL/min per 1.73 m (Table S2 ). All samples were taken in the follicular phase of the menstrual cycle.
Assessment of Salt Sensitivity
In the literature, the most reliable method to measure salt sensitivity is the BP response to a sustained change in dietary salt intake rather than an acute challenge with a sodium chloride infusion. 11, 21 We used a protocol that we already published many times elsewhere. 16, 17 Briefly, before the procedure, individuals received a low-sodium (LS) diet for 1 week and a high-sodium (HS) diet for 1 week. During the LS period, individuals were instructed to adjust their regimen to reach a sodium intake of <40 mmol/24 hours. The HS diet was obtained by adding 6 g/24 hours of sodium chloride to the individual's regular diet. The sequence of the diets was randomized to prevent a sequence effect. The random allocation scheme was derived from a computer-generated list. On day 7 of each period, when subjects were expected to be on sodium balance, 24-hour ABP was recorded. Appropriate BP cuff was determined on the basis of arm circumference. Subjects were instructed to remain still during measurements. Automated measurements were performed every 30-minutes from 08:00 to 22:00 hours and at 60 minutes from 22:00 to 08:00 hours (Diasys, Physicor, Switzerland). This device has been validated by the British Hypertension Society. Participants were instructed not to smoke or to drink alcohol or any caffeine-containing beverages during that day. Subjects returned a diary documenting sleep and awakening hours. Simultaneously, 24-hour urines were collected to measure urinary electrolytes excretion. Adequacy of the 24-hour urine collection was assessed by the 24-hour excretion rate of creatinine, and compliance of the diet was controlled by 24-hour sodium excretion rate.
We considered individuals as salt sensitive if their mean, systolic, or diastolic arterial ABP increased for ≥4 mm Hg with an increase in salt intake. 8, 11, 22 As published by Castiglioni 23 and Bursztyn, 15 we also evaluated the salt sensitivity on a continuous basis through the use of sodium sensitivity index. The sodium sensitivity index was calculated as the ratio between Δmean arterial pressure (MAP, mm Hg) and the difference between urinary sodium excretion rates (ΔU Na V, mmol/d) on a LS and HS diets, expressed by the formula sodium sensitivity index=ΔMAP/ΔU Na V×1000 (mm Hg/mol per day).
MAP 
Analytical Method and Calculation of Renal Variables
Urinary and plasma electrolytes were measured by flame photometry (IL943, Instrumentation Laboratory, Italy) and creatinine by the picric acid method (Cobas-Mira, Roche, Switzerland). Urinary electrolyte excretion rate was calculated as U x ×V (μmol/min) and clearance (mL/min) calculated using the standard formula: C x =U x ×V/P x , where U x and P x are the urine and plasma concentrations, respectively, of x, and V is the urine flow rate in milliliter per minute.
Statistical Analysis
Twenty subjects per group provided 90% power (α=5%) to identify a 1 SD difference between groups. Data are expressed as mean (95% confidence interval) or number (percentage), respectively. The Shapiro-Wilk test was used to test normality of the distribution. The statistical significance of difference between the 2 different sodium diets was evaluated for each variable by a 1-way ANOVA or by the Fisher exact test. A P value <0.05 was considered as statistically significant. SPSS (Version 17) was used for analysis.
Results
The baseline characteristics of individuals are shown in Table 1 . There were no significant differences between women with preeclampsia and controls for the age, race, parity, gestity, body mass index, heart rate, baseline plasma creatinine, glomerular filtration rate, fasting glucose level, lipid profile, and ultrasensitive C-reactive protein. Table S1 .
Salt Sensitivity of BP in Women With a History of Preeclampsia
The changes in 24-hour urinary sodium excretion induced by the 2 diets were comparable in women with preeclampsia and controls and showed a good adherence to the regimen (Table 2) . On a LS diet, U Na V was 31 (25-44) mmol/24 hours in cases and 36 mmol/24 hours in controls (nonsignificant [NS]). Similarly on a HS diet, U Na V was 244 (197-290) mmol/24 hours in cases and 259 (222-296) mmol/24 hours in controls (NS). The average salt-induced changes in diurnal and nocturnal ABP are presented in Table 2 . Values are mean (95% confidence interval). BMI indicates body mass index; DBP, diastolic blood pressure; GFR, glomerular filtration rate; HDL, high-density liprotein; HR, heart rate; LDL, low-density lipropotein; SBP, systolic blood pressure; and UsCRP, ultrasensitive C-reactive protein. The Figure shows the pressure-natriuresis relationship that is steep in controls and shifted to the right in women with a history of preeclampsia confirming the salt-sensitive pattern. 24 The nocturnal fall of mean ABP (MAP NF ) in the control group was not affected by the sodium intake (21 [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] % on LS and 20 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] % on HS; NS). In women with a history of preeclampsia, the fall in mean ABP at night was reduced and modulated by the level of sodium intake, respectively, 16 (13-19)% on LS and 12 (7-17)% on HS (P<0.05 HS versus LS and P<0.01 between the 2 groups). Similarly, the nocturnal fall in systolic BP was lower in cases than in controls and was affected by salt intake, whereas the nighttime changes in diastolic BP were similar in cases and controls (Table 3) .
Discussion
The main finding of this study is that women with a history of severe preeclampsia are salt sensitive before the development of the menopause, when compared with women normotensive during pregnancy. The nocturnal fall in BP in women with preeclampsia is blunted and significantly modified by salt intake, a high-salt diet almost abolishing the fall in BP at night. These findings shed light on possible mechanisms whereby a history of preeclampsia increases the risk of renal and cardiovascular complications later in women's life.
The health risks associated with high-salt diet are well recognized. 25 Indeed, a high salt intake causes a gradual increase in BP thereby increasing the risk of cardiovascular and renal diseases. 26, 27 For these reasons, the World Health Organization recommends to lower salt intake to <5 g/d in the population, and most international hypertension guidelines propose a reduction of sodium intake as an effective mean to lower BP in hypertensive patients. 28 These recommendations have been done, despite the observation that the BP response to salt is highly variable among individuals and that some subjects or patients will benefit from a reduction in salt intake, whereas others will not. 29, 30 Thus, according to the salt-sensitivity concept, each individual might have a personal index of salt sensitivity. However, the individual salt sensitivity of BP may change over time as renal function decreases or as the hormonal profile is changing. 13, 31 For example, in women, BP has been shown to become salt sensitive after the menopause, even though these women remain normotensive. 16, 19 Nevertheless, the change in salt sensitivity that occurs in these apparently healthy women may increase their risk of developing hypertension with time and hence cardiovascular and renal target organ damages. Animal and human studies have indeed demonstrated that a sustained high salt intake can favor the development of cardiac hypertrophy independently of the presence of hypertension. 32, 33 In the present study, we show that patients with a history of severe preeclampsia are salt sensitive when investigated 10 years after their pregnancy, an observation that is not made in age-matched controls. This finding suggests that preeclampsia has modified the pattern of response to salt in these women. In contrast to many previous studies investigating the salt sensitivity of BP, we have used repeated 24-hour ambulatory monitoring to assess BP. This allows to rule out any white coat or placebo effect and to obtain more information on daytime and nighttime responses to salt. It also enabled us to verify the hypothesis of Castiglioni et al 23 who proposed to perform a single 24-hour ABP monitoring on a usual diet to predict an individual's salt sensitivity based on the nocturnal dipping and heart rate. Our findings are actually in concordance with this model of prediction and could be validated by the gold standard protocol that we applied, alternating in a randomized fashion both type of sodium diets.
Interestingly, both cases and controls had systolic and diastolic BP within the normotensive range. Yet, compared with women with a history of a normal pregnancy, women with a history of severe preeclampsia demonstrated a significant rise in 24-hour ABP on a HS diet and a rightward shift of the pressure/natriuresis relationship indicating salt sensitivity. This clearly indicates that women with a history of severe Figure. Pressure-natriuresis relationship in non-menopausal women with a history of severe preeclampsia, and in age, race, paritymatched normal controls with no history of pregnancy-related hypertensive complications. All women received randomly a lowsodium diet (40 mmol Na/d) and a high-sodium diet (250 mmol Na/d) for 1 week. Blood pressure was measured during 24 hours using ambulatory blood pressure monitoring. PE indicates preeclampsia.
by guest on April 12, 2017 http://hyper.ahajournals.org/ Downloaded from October 2013 preeclampsia need a higher systemic BP to maintain their sodium balance when on a HS intake.
Our study does not provide any insight on the mechanisms whereby these women are salt sensitive. As we looked only at 1 point in time, it is possible that they were already salt sensitive at the time of pregnancy (ie, that salt sensitivity is part of the pathophysiology of preeclampsia).
There are, however, some possible explanations. In pregnant women with preeclampsia or transient gestational hypertension, Saxena et al 34 have reported an increased BP and adrenal response to exogenous angiotensin II. This increased sensitivity to angiotensin II actually persisted in the postpartum period compared with normal controls. 34 In older articles from the group of Hollenberg et al, 35 the nonmodulating renal phenotype after angiotensin II infusion has been linked to the salt sensitivity of BP. Salt sensitivity of BP seems to be more prevalent in women than in men 15, 36 and as described previously, it has been reported by us in normotensive menopausal women 16 or by other groups after acute ovariectomy. 19 It is conceivable that a history of severe preeclampsia mimics the loss of ovarian hormones and hence unmasks a population of women prone to salt sensitivity, in the sense that post-pre-eclamptic individuals are salt sensitive at a younger age long before their menopause. Menopause-induced estrogen deficiency promotes an unbalance between NO and angiotensin II, resulting in salt-sensitive hypertension. 37 The development of preeclampsia is also associated with altered NO metabolism and synthesis 38 and women with preeclampsia studied 1 year after a preeclampsia have been found to exhibit a decreased flow-mediated vasodilation. 39 Thus, altered NO pathway and abnormalities in vascular function that persist postpartum may be 1 mechanism triggering salt sensitivity and predisposing these women to future development of cardiovascular and renal complications.
BP is known to follow a circadian rhythm with a physiological 10% to 15% decrease during the night. The absence of a nocturnal BP dipping has been associated with the development of target organ damage and microalbuminuria and is a feature of salt-sensitive hypertensive individuals. 40 In women with post preeclampsia, systolic nocturnal dip was almost abolished under high salt diet, whereas it remained unchanged in controls. This observation is in accordance with the findings of Uzu et al 40 who demonstrated that salt-sensitive hypertensive patients have a blunted reduction of nighttime BP on a high-salt diet and that a normal dipping pattern can be restored by the administration of a thiazide diuretic. The non-dipper pattern of circadian rhythm of BP has been associated with impaired renal capacity to excrete sodium during the day and augmented sodium excretion at nighttime via the pressurenatriuresis curve effect, 24 or by increased tubular sodium reabsorption. 41 Thus, the increase in nighttime BP may be a compensatory renal mechanism enabling to maintain sodium balance. This mechanism is particularly effective in patients with reduced renal function. Indeed, it has been demonstrated that nighttime BP increases progressively as glomerular filtration rate declines. 42 Our findings of a reduced dipping of BP at night on a high-salt diet in women having experienced severe preeclampsia suggest that these women have acquired renal abnormalities that limit their ability to excrete sodium correctly and that these abnormalities persist years after pregnancy.
We acknowledge, however, that the study has some limitations. The number of subjects studied was small because recruitment was affected by the complexity of the study protocol that required 2 weeks of standardized sodium diets and 2× 24-hour urine collections to confirm sodium balance, concomitantly with 2× 24-hour ABP monitoring. Most subjects in the study were white as a result of voluntary choice to avoid selection bias. Black individuals are most sensitive to salt. 41, 43 However, despite a small sample size, significant differences were observed between cases and controls. After exclusion of the analysis of women of African descent, the results were the same. Otherwise, we cannot exclude that borderline differences of body weight, abdominal circumference, or other cardiovascular risk factors observed at baseline between cases and controls might have contributed to the differences in salt sensitivity between groups. Altogether, we are conscious that our results have to be confirmed in a larger population and that matching removes the option of studying matched variables as predictors or as intervening variables. Strengths of our study are the homogeneity of a group of severe preeclampsia, the ABP monitoring to assess changes in BP, and the highly standardized protocol that we used in many published articles. 42, 44, 45 A good adherence to the diets was proved by 24-hour urine sodium excretion.
Perspectives
In recent years, epidemiological studies have clearly delineated a link between preeclampsia and future vascular diseases. 5, 6, 46 Sodium sensitivity is known to impact importantly the longterm cardiovascular prognosis of individuals. Normotensive salt-sensitive subjects have been found to have a cumulative mortality similar to that of hypertensive subjects. 8 Of note, in the present study, 2 women already had a myocardial infarct before their menopause with no identifiable classical cardiovascular risk factor. Salt sensitivity and the lack of nocturnal fall in BP on a HS diet may contribute to the development of cardiac and renal complications in developed countries where the average sodium intake is >9 g/d. Our results further emphasize the importance of monitoring women with a history of severe preeclampsia for early detection of hypertension and target organ damages as it offers opportunities to apply direct prophylactic interventions focused on lifestyle modifications, especially a controlled salt diet. Other large population-based studies are necessary to prove the relevance of salt sensitivity in this group of individuals. Nevertheless, a history of severe or recurrent preeclampsia should be included in the screening for cardiovascular risk factors, and prevention strategies should be elaborated for this specific young population.
